The paper presents an analysis of the influence of machining strategy and the technological history of semi-finished product on the deformation of thin-walled elements made of aluminium alloy EN-AW 2024 after milling. As a part of this research work, five machining strategies are analysed. Additionally, the rolling direction of the plate (longitudinal and transversal) is taken into account as a technological history. During the research, the focus is set on the effects of the machining strategies i.e. HPC, HSM and conventional machining as well as their combinations on the post-machining stresses and deformations. Each of these strategies has a different range of technological parameters, which results in differences in machining efficiency and introduces post-machining stresses to the surface layer of the workpiece that vary in values and nature (i.e. compressive stresses or tensile stresses). The conducted study shows that larger deformations were obtained for transversal rolling direction in each analyzed case. The lowest deformation both for transversal and longitudinal rolling direction were achieved for the HSM and CM strategy.
INTRODUCTION
HPC (High Performance Cutting), HSC (High Speed Cutting), and their derivatives have been increasingly popular in machining processes, especially those applied in aerospace and automotive industries. The advantages, aside from the obvious increase in machining production efficiency, include feasibility of hard machining (i.e. machining of hardened materials) [6, [17] [18] [19] [20] , which is applied mainly for processing of dies, moulds, or blanking tools [9, 14, 17] . Both methods eliminate the need for time-consuming and expensive electrical discharge machining (EDM), which improves energy saving and machining parts accuracy as well as surface quality [8, 22, 24] . Neither HPC or HSC requires cooling lubricants (dry machining), and if any is required, it is at minimum flow rates (quasi dry machining), which significantly reduces the production costs (where the purchase, storage and utilization of cooling lubricants can be between 14% and 17% of the total manufacturing cost) [8, 13] . Note, however, that there is no defined boundary between HSC, HPC and conventional cutting, since the qualification of machining into any of these three classes de-pends on the strong interdependence between the processing conditions (including cutting forces and temperatures) and the workpiece material properties.
HSC can be generally considered as a finish machining process, where very high rotational speed of the cutting tool provides cutting speeds and feed rate values several times higher than in conventional machining at much lower machined layer cross-section values [20] . By its original definition, HSC was deemed to be 5 to 10 times faster (depending on the workpiece material) than conventional machining speed values [1, 2, 6, [18] [19] [20] [21] . One of the proposed definitions of HSC introduces the so-called limit cutting speed v cl , above which the high cutting speed range begins. Its value is established based on an analysis of the cutting forces that vary as the cutting speed is increased; some researchers [1, 2, 5] propose that HSC starts when the increase of the cutting speed causes reducing the cutting forces. Other practices [3, 4, 20] define the limit cutting speed as the cutting speed up to which the cutting forces are significantly reduced.
Taking into consideration the machine parameters, HSC is determined by the machine tool dynamics and the spindle rotational speed [15] . An important aspect of this type of machining on CNC machine is the use of control with the look-ahead function (displacement forecasting in advance) [15, 20] .
Given this information, a conclusion is due that a comprehensive examination of numerous factors that can be qualified into four categories ( Fig. 1) is required to obtain HSC [8, 10, 15, [17] [18] [19] [20] [21] :
• the workpiece -the type and grade of material, geometry and fixture method of workpiece; • the cutting tool -the selection of geometry, material and coatings to ensure stable performance and sufficient life of the cutting tool [11, 12] ; • the machining tool -which should feature a high rigidity, spindle speed and power output, sufficient machining dynamics and a control system that is capable of look-ahead forecasting of displacement; • manufacturing process conditions -the use of machining method, the selection of a proper strategy, application of modern CAM software, cooling type selection, etc.
The main advantages of HSC are higher efficiency (by an average of 30%), high quality of machined surfaces, opportunity of cutting of hardened materials, 30% lower cutting forces, improved processing stability, minimized vibration levels, lower thermal loading of the tool and the workpiece, and reduced burring [8, 10, [17] [18] [19] [20] [21] 23] .
Main applications of HSC:
• high-performance processing of complex thin-wall aluminium structures mainly for the aerospace industry -it is viable by minimised cutting forces, vibration levels, and thermal deformation level; • end-to-end finish processing of semi-finished products heat-treated to their final hardness values -machining of moulds and dies at efficiency and quality levels much higher than possible with EDM; obtaining of superior Fig. 1 . HSM determinants [8] surface quality and shape accuracy reduces the need for finish machining by grinding or polishing; • machining of titanium and nickel alloys, as well as heat-resistant steel grades, mainly for the aerospace industry. In contrast to HSC, HPC can be qualified as roughing with the major objective of increasing the efficiency. This is achieved by applying unconventionally high cutting speeds, high machined layer cross-section values and high feeds [6, 18, 20] . Higher cutting depth and width values increase contact angle of tool and workpiece, which results in strong heating of the blades and makes it more challenging to cool them down; as a consequence, the tool is subject to thermal overload. This, in turn, requires cutting speeds lower than viable with HSC [6, 18, 20] . Moreover, increasing the feed rate and the machined layer dimensions results in increased cutting forces. The disadvantages of HPC include processing instability in machining of deep thin-wall pockets with tools at critical diameter to length ratios [5] . This is why HPC is mainly used for roughing and forming [21] .
Considering the properties of HSC and HPC explained above, HSC can be defined as machining at high cutting speeds and low machined layer cross-section values. HPC uses moderate cutting speeds at much higher axial and radial traverse (i.e. cutting depth and width values) and feed per tooth values (Fig. 2) .
HSC, on account of its high geometric accuracy and machined surface quality at low cutting forces and high machining stability, is preferred for processing complex 3D geometric features and thin-wall pockets with low bottom section thickness values. HPC, as it stands for high performance machining with low accuracy, is mainly used for processing of 2D parts with simple geometric features or with simple forming movements [19] .
One of the applications of HSC and HPC mentioned before is machining of thin-wall pockets, which are defined as structural components in the aerospace industry. The semifinished products used to manufacture these types of parts are rolled plates made of socalled aerospace aluminium alloys grades, characterized by very good strength properties. Rolling is a plastic working process, which results in the anisotropy of the semi-finished products. Hence, the structural and mechanical properties of material vary with the direction relative to the rolling direction [7, 25, 26] .
The semi-finished products as rolled plates made of aluminium alloys, which have anisotropic mechanical properties, and the application of different machining strategies (High Performance Cutting, High Speed Cutting and conventional milling), most likely results in different states of stresses in the surface layer of machined elements. This gives various forms and values of deformation.
This paper describes an attempt at evaluating the influence of the rolling direction and used machining strategy on the deformation forms and values in thin-wall elements made of a specific aluminium alloy grade. 
METHODOLOGY
The test samples were fabricated from rolled EN AW-2024 aluminium alloy plate. The chemical composition and selected mechanical properties of the alloy are shown in Table 1 . The machining were carried out with an Avia VMC 800 HS 3-axis milling centre.
These thin-wall elements were carried out with two cutting tool types: a Kennametal indexable end mill (25A03R044B25SED14) with uncoated carbide inserts (EDCT140416PDFRLDJ) for HPC and a Sandvik monolithic carbide end mill without a protective coating (R216.33-16040-AC32U H10F) for HSM and conventional machining. Five milling strategies were used in the tests: Table 2 lists the applied technological parameters for each of the milling strategy investigated. The overall dimensions of the test samples cut from the rolled plate and before the machining are 210×45×10 mm. They were milled with various strategies to obtain a 160 mm long relief along the entire width with a 1 mm thick bottom (Fig. 3) .
The assumed effect of technological history was the rolling direction. The test samples were performed in two directions:
• longitudinal: the rolling direction was parallel to the sample long edge and to the direction of feed, • transversal: the rolling direction was perpendicular to the sample long edge and to the direction of feed. Figure 3 also shows a view of test sample after machining with the marked dependence between the rolling directions and the feed direction.
The test sample deformations were measured directly after removal of a special fixture with a Sylvac CL44 digital sensor attached with a magnetic holder to the work head of the Avia VMC 800 HS milling centre.
The measuring plane across which the deformations were measured is presented in Figure 3 by red colour. The measuring section of the test samples was l = 160 mm.
The research plan is shown in Figure 4 . The independent variables were the machining strategies and the rolling direction, and the dependent variables were the deformations. The fixed factors were the EN AW-2024 aluminium alloy and the work environment, and the interferences were the stability of the MHWT system (MachineHolder -Workpiece -Tool) and the dimensional inaccuracy of the test samples.
The experimental testing included a total of fifty test samples. Five test samples were machined with each of the five machining strategies, with a total number of twenty five samples per rolling direction ( Figure 5) . The deformation measurements were repeated in three iterations across the designated measuring plane.
RESULTS
The obtained test results were analysed by starting with the effect of the applied machining strategy on the post-machining deformations of the thin-wall elements. Figure 6 presents the test sample deflection f as a function of the measuring section l following removal of the fixture forces with the longitudinal rolling direction and the five machining strategies investigated. The obtained results revealed that the lowest deformation occurred from High Speed Machining and conventional finish machining, whereas the highest for High Performance Cutting.
A similar comparison of the test sample deflection f as a function of the measuring section l following removal of the fixture forces was developed with the transversal rolling direction, as shown in Figure 7 . The lowest deformation levels occurred from High Speed Machining and conventional finish machining, as well as the highest for High Performance Cutting.
Both charts ( Figure 6 and Figure 7 ) present that the deflection had a negative curve, which means that the deviations were below "zero" line. Figure 8 shows a summary of the maximum deflections f max to compare both rolling directions and the studied machining strategies. This summary (Fig. 8 ) allowed a conclusion that higher deformation levels were obtained in the transversal rolling direction for each of the studied machining strategies. The High Speed Machining strategy showed deflec- tion values negligibly higher than the combination of High Speed Machining and conventional finish machining. However, the differences in deformations between the samples machined with these strategies are insignificant.
CONCLUSION
The following conclusions can be drawn from the experimental tests discussed in this research work:
• All analysed machining strategies revealed that the deformations were significantly higher in the test samples with the transversal rolling direction.
• The lowest deformation levels both for the test samples with the transversal and longitudinal rolling direction were achieved for the High Speed Machining and conventional finish machining strategy. Insignificantly higher deflections were produced with the High Speed Machining strategy.
The residual stresses residing within the rolled and unmachined surface layer were most likely critical to the value and nature of deformation in the thin-wall elements. Verification tests should be carried out on test samples subject to remove of the textured top layer, produced by plastic working.
Conventional machining can positively contribute to the deformation conditions in machined elements; hence this type of machining can be viable in practice, despite its relatively low efficiency.
